ABSTRACT This paper describes a new research effort to extend the application of Global Positioning System (GPS) signal reflections, received by airborne instruments, to cryospheric remote sensing. Our experimental results indicate that reflected GPS signals have potential to provide information on the presence and condition of sea and freshwater ice as well as the freezehhaw state of frozen ground. In this paper we show results from aircraft experiments over the ice pack near Barrow, Alaska indicating correlation between forward-scattered GPS returns and RADARSAT backscattered measurements.
INTRODUCTION
In 1996, Drs. Katzberg and Garrison of NASA Langley Research Center (LaRC) developed the idea of using reflected GPS signals for remote sensing applications, and published a number of papers describing the theory and mechanisms for this technique [e.g., 1-31. Since then, research has advanced our understanding of reflected GPS signals and experimentally applied those techniques to ocean remote sensing and mapping [4-lo]. The current investigation extends this work into cryospheric applications of GPS reflections based upon a proposal made by Drs. Katzberg and Garrison, to collect GPS signals reflected by ice surfaces. Results are shown from the first GPS measurements from sea ice in the Beaufort Sea in April 1998.
MEASUREMENT METHODS
The use of GPS in a bistatic radar configuration to measure surface properties relies upon our ability to extract information from the reflected signal. For standard GPS navigation purposes, the GPS receiver measures the signal delay from the satellite (the pseudorange measurement) and the rate of change of the range (the Doppler measurement). For remote sensing applications, the primary measurement is the received power from the reflected signal for a number of delays and Doppler values. This measurement and its sensitivity to the surface conditions are discussed in the following paragraphs.
The GPS satellites transmit two right-hand circularly polarized (RHCP) L-band signals at 1.57542 GHz and 1.2276 GHz. These carrier signals are modulated by unique pseudorandom noise (PRN) codes with an autocorrelation fimction similar to the ideal autocorrelation function. The autocorrelation power has a triangular shape, which is suppressed at delays of more than f 1 chip (300 m for the civilian (C/A) code). To acquire and track a signal, a conventional GPS receiver generates a local replica of the code for the particular satellite signal to be tracked, compensating for the expected Doppler shift and computing the cross-correlation between the replica and the incoming codes.
When a GPS signal encounters an ideal, smooth reflecting surface, specular reflection occurs at a single point. The reflected signal code structure remains, but the polarization of the wave is reversed to left-hand circular polarization (LHCP), and the signal power is decreased. If, however, the surface is rough relative to the GPS wavelength of 19 cm, reflections are produced by multiple facets on the surface. Around the ideal specular point, this creates a so-called glistening zone within which there is a distribution of varying ranges and Doppler shifts, as shown in Fig. 1 . To measure GPS signals reflected from land and sea surfaces, Garrison and Katzberg [I] modified a typical receiver to measure correlation power at these offset values of delay and Doppler using a nadir-pointing LHCP antenna.
In Fig. 2 , we illustrate the type of swath coverage that GPS provides. Because of the multiplicity of GPS transmitters the receiver can observe a number of simultaneous footprints on the surface. This illustrates that while the system does not provide imaging in a standard sense (like a cross-scanning system, for example), it does provide more spatial coverage than from a sensor that is only able to view one ground point at a time. The reflection coefficient of a frozen sea surface is determined by the effective dielectric constant of ice and, under some conditions, by the dielectric constant of the underlying water. The latter is important for thin ice conditions where a significant portion of the radio wave energy may reach the second interface, between the ice and water. The effective dielectric constant of ice depends on various factors, such as an ice composition, salinity, temperature, density, age, origin, morphology, etc. [l 13. Because first-year ice has needle-like inclusions of brine (predominantly oriented along the vertical direction), this variety of ice is notably anisotropic. Therefore, the dielectric constant is a tensor rather than a scalar constant. This makes the problem of modeling and interpreting the GPS signal scattering from ice rather challenging. At the same time, the sensitivity of the GPS scattered signal to these complex ice characteristics makes it a particularly attractive remote sensing tool.
Given the unique potential offered by reflected GPS signal sensing (e.g., L-band observations, forward-scattering sensing, low-cost and simple devices useable on any type of aircraft, etc.) and the geophysical significance of additional sea ice and permafrost data, research to investigate and exploit GPS returns from ice and frozen ground is warranted. However much remains to be done to determine the consistency of the signal return from ice surfaces; to investigate the information content of the signals; and to develop simplified retrieval algorithms to extract the cryospheric conditions.
EXPERIMENTS AND DATA ANALYSIS
Most of the GPS reflection experiments to date have been conducted with the Delay Mapping Receiver (DMR) designed by Drs. Katzberg and Garrison [l] , based on the GEC Plessey (now MITEL) GPSBuilder-2 [12]. The DMR has two antenna inputs to allow standard tracking of direct signals using a zenith-pointed RHCP antenna and correlation measurements of reflected signals using a downward-pointed LHCP antenna. DMR makes measurements of the correlation between the reflected signal and shifted versions of the local signal replica. This provides a trace of the reflected signal correlation as a function of code delay, thus mapping the return from annular regions of the glistening zone.
The first measurements of reflected GPS data from sea ice were collected by Dr. Maslanik in the Beaufort Sea in April 1998. During the experiment, the GPS system was tested with antennas mounted on a boom and held over various ice surfaces at different heights ranging from 30 cm to 20 m.
Each antenna was mounted on a small 20 cm by 20 cm aluminum ground plane, with the two plates then attached to provide the up-looking and down-looking mount for the antennas. A second reflected GPS data set was collected north of Barrow, Alaska in April 1999, using the same system but in this case mounted on a Cessna 185. Approximately 2 hours of data were collected in conjunction with a National Ice Center (NIC) reconnaissance flight and nearly coincident in time with a RADARSAT overpass.
Our experiment to observe GPS reflections from Arctic sea ice showed that for the moderate altitudes of the airborne GPS receiver, the reflected signal shape was fairly consistent (sharp, narrow waveform throughout the flight) indicating that ice surface roughness variations were not significant at L-band. On the other hand, the peak power was found to change significantly along the flight track. This behavior of the signal is a clear indication of the sensitivity to ice reflection coefficients. Correlations seen in our comparison between RADARSAT backscatter and GPS forward scattered data indicate that the GPS signal may indeed provide useful information regarding ice conditions, in addition to the basic ability to detect the presence of sea ice. In Fig. 4 we present a photo taken from the aircraft during the flight. The picture were taken when the aircraft flew by Label 5 . The correspondence of the reflected peaks with the occurrence of large leads in the same area suggests that the high signal returns may have originated from patches of new or young ice as observed from the aircraft. In Fig. 4 , we also indicated an illustration of the possible specular reflection track crossing a region of recently formed ice resulting in high GPS signal retums shown as gray line. Low signal returns around this region may have been due to thicker, first year ice conditions (dark line). 
CONCLUSIONS
Field experiments, including data acquired from aircraft flights over the ice pack near Barrow, Alaska, suggest that the reflected GPS signals contain usehl information over sea ice. Given this new potential application for GPS remote sensing, an effort to investigate reflected GPS signals over sea ice is discussed in the paper. A combination of modeling considerations, in-situ measurements and aircraft observations have been presented to quantify the theoretical and observed relationships between reflected GPS signals and cryospheric conditions.
